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ABSTRACT 
Analyses o f  r e s i d e n t i  a1 energy conservat ion 
programs f requen t l y  r e q u i r e  re1 i a b l e  est imates a f  
program e f f e c t s  on space-hea t ing  energy  
consumption. S imulat ion models are o f t e n  used t o  
prov ide such est imates. Recent, 1 arge-scale 
programs t o  co l  1 e c t  emp i r i ca l  energy consumption 
data, however, prov ide a basis f o r  a1 t e r n a t i v e  
ways t o  est imate program e f f e c t s  t h a t  u t i l i z e  t h e  
empir ica l  data. The PRISM methodology uses 
r e l a t i v e l y  inexpensive b i l l i n g  and weather data 
t o  e s t i m a t e  base and temperature-sensi t ive 
( p r i m a r i l y  space-heating) loads. We used b i l l i n g  
data from over 300 manufactured (mobile) homes i n  
two r e s i d e n t i a l  conservat ion p r o j e c t s  t o  d e r i v e  
PRISM heat ing energy estimates. Actual hea t ing  
energy data f o r  a subset o f  these homes was used 
t o  develop a methodology f o r  ad jus t ing  t h e  
i n i t i a l  PRISM-based hea t ing  estimates. We 
developed the  adjustment r e l y i n g  on a t h e o r e t i c a l  
approach and the empir ica l  data. This  approach 
r e s u l t e d  i n  a c o r r e c t i o n  technique t h a t  reduced 
t h e  average e r r o r  i n  t h e  i n i t i a l  PRISM-based 
space-heating est imates by about 70%. and 
r e q u i r e s  p r i m a r i l y  r e a d i l y  a v a i l a b l e  PRISM 
outputs  and l i m i t e d  housing c h a r a c t e r i s t i c s  data. 
INTRODUCTION 
Manufactured (mobile) homes represent a 
s i g n i f i c a n t  share o f  new -housing s t a r t s  I n  t h e  
Northwest and o ther  p a r t s  o f  the countr.y.1 
I n  some p a r t s  o f  the Northwest, the on iy  housing 
s t a r t s  i n  recent  years have been manufactured 
homes. I n  other  s tates,  near l y  50% o f  the new 
s ing le - fami l  y homes a re  manufactured homes (1) .  
Manufactured homes are espec ia l l y  prevalent  i n  
the  h o t  and humid Southern s tates.  Few studies, 
however, have been conducted t h a t  analyze the  
thermal c h a r a c t e r i s t i c s  o f  manufactured homes and 
t h e i r  energy consumption. 
Even i n  the  Northwest where manufactured 
homes a r e  considered a l o s t  conservat ion 
oppor tun i ty ,  l i t t l e  i s  known about the  energy 
consumpt ion c h a r a c t e r i s t i c s  o f  manufactured 
homes. For t h i s  study we had access t o  two se ts  
o f  manufactured home energy consumption data. 
h a n u f a c t u r e d  homes a re  of ten c a l l e d  "HUD- 
coden homes because they are preemptively 
regulated by the Department o f  Housing and Urban 
Development's Manufactured Housing Construct ion 
and Safety Standards (MHCSS). This code, i n  
p lace since June 1976, places requirements, 
i n c l u d i n g  therma l  requ i rements ,  on t h e  
cons t ruc t ion  o f  HUD-code homes t h a t  cannot be 
modi f i e d  by l o c a l  regulat ions.  
The Hood R iver  Conservation P r o j e c t  (HRCP) 
p r o v i d e d  e x t e n s i v e  i n f o r m a t i o n  on t h e  
c h a r a c t e r i s t i c s  and energy consumption o f  594 
e l e c t r i c a l l y - h e a t e d  manufactured homes for  the 
per iod  from 1982 t o  1986. HRCP i s  a r e s i d e n t i a l  
weather izat ion program t h a t  weatherized near1 y 
3,000 homes loca ted  i n  Hood River, Oregon. Data 
were c o l l e c t e d  on these homes by the Bonnev i l l e  
Power Admin is t ra t ion  (Bonnevi l le)  and P a c i f i c  
Power. Manufactured home b i l l i n g  data, f o r  fou r  
years, and 15-min. measured space-heating data 
f o r  a subset o f  homes, f o r  two years, were 
a v a i l a b l e  t o  us f o r  analys is .  
Data were a l s o  a v a i l a b l e  f o r  34 a l l -  
e l e c t r i c ,  e n e r g y - e f f i c i e n t  manufactured homes 
b u i  1 t t o  t h e  Northwest 's Model Conservation 
Standards (MCS) . Weekly space-heating and t o t a l  
e l e c t r i c i t y  consumption data were ava i lab le  f o r  a 
per iod  o f  one year  s t a r t i n g  i n  June 1986. These 
homes were loca ted  on the  T u l a l i p  Ind ian  
Reservat ion and are r e f e r r e d  t o  here as the 
T u l a l i p  homes. 
Our study o b j e c t i v e  was t o  u t i l i z e  the 
a v a i l a b l e  b i l l  i n g  data t o  est imate t h e  e f f e c t  o f  
var ious energy conservat ion measures on space- 
hea t ing  energy consumption. Ye i n i t i a l l y  appl l e d  
t h e  M n c e t o n  Scorekeeping Method (PRISM) t o  
est imate energy consumption i n  these homes. 
PRISM i s  a commonly used methodology f o r  us ing 
b i l l i n g  data t o  est imate normalized annual energy 
consumption (NAC) and est imate parameters t h a t  
can be used t o  est imate space-heating energy use. 
It i s  known t h a t  t h e  est imates o f  space-heating 
der i ved  from PRISM parameters are considerably 
l e s s  accurate than PRISM'S est imates o f  t o t a l  
energy consumption. Our o b j e c t i v e  was t o  s t a r t  
w i t h  PRISM parameter est imates and develop a 
technique t o  improve t h e i r  p r e d i c t i o n  o f  space- 
heat ing energy consumption. 
Th is  paper presents a b r i e f  d e s c r i p t i o n  o f  
PRISM and t h e  i n i t i a l  PRISM r e s u l t s ,  and 
descr ibes the  development and a p p l i c a t l o n  o f  a 
method t o  improve the  PRISM- based space-heat i n g  
est imates. 
OVERVIEW OF PRISM METHODOLOGY 
PRISM i s  a s t a t i s t i c a l  procedure f o r  
c a l c u l a t i n g  changes i n  energy consumption over 
t ime i n  response t o  outdoor temperature (see (2) 
f o r  a good explanat ion o f  PRISM). PRlSM requ i res  
th ree  r e a d i l y  a v a i l a b l e  pieces o f  in format ion:  
1) monthly u t i l i t y  b i l l i n g  in format ion,  2) d a i l y  
average temperatures f o r  the  per iod  covered by 
the b i l l i n g  data, and 3) long- term (genera l ly  3 
years o r  more) d a i l y  average temperatures g r  
t y p i c a l  weather year  temperatures. 
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PRISM r e s u l t s  are generated i n  two steps. 
The f i r s t  i s  t o  est imate baseload consumption, 
the reference temperature (T - re f ) ,  and the  
heat ing slope, based on the  performance o f  the  
house dur ing the per iod  covered by the b i l l i n g  
data. These parameters can be used t o  est imate 
the baseload and space-heating energy f o r  the 
year from which the data come. I n  the second 
step, PRISM uses these parameters i n  conjunct ion 
w i t h  long-term average weather data (heat ing 
degree-days) t o  est imate the Normalized Annual 
Consumption (NAC) and a normal i zed  heat ing 
component. I n  t h i s  paper, we focus on improving 
PRISM-based h e a t i n g  e s t i m a t e s  p r i o r  t o  
normal i z a t i o n .  
JNITIAL PRISM ANALYSIS AND COMPARISON WITH 
MEASURED DATA 
We appl ied the PRISM software t o  generate 
t h e  paramete r  e s t i m a t e s  f o r  each HRCP 
manufactured home f o r  which space-heating end-use 
(and b i l l i n g )  data were ava i lab le  and f o r  the 
T u l a l i p  homes. The i n i t i a l  PRISM r e s u l t s  f o r  
each home were then screened using acceptance 
c r i t e r i a  s i m i l a r  t o  those used by Bronfman e t  a l .  
(3) t o  i d e n t i f y  "good- f i t "  homes. These are 
homes where PRISM r e s u l t s  i n d i c a t e  a robust  
l i n e a r  f i t  t o  the  data. Homes t h a t  f a i l e d  t o  
s a t i s f y  these c r i t e r i a  were e l im ina ted  from 
f u r t h e r  analys is .  The c r i t e r i a  were: 
1. R-squared ( o f  the  PRISM f i t )  g rea te r  than 
.75, 
2. standard e r r o r  o f  t h e  reference temperature 
l e s s  than 25'F, and 
3. standard e r r o r  o f  the baseload c o e f f i c i e n t  
l e s s  than 25 kwh. 
T u l a l i p  homes known t o  use wood t o  heat any 
p a r t  o f  the t ime (based on occupant in format ion 
and an inspect ion o f  the  homes) were e l iminated 
from t h e  analys is  even though some o f  t h e i r  PRISM 
r e s u l t s  may have s a t i  s f  l e d  the "good-f i t" 
c r i t e r i a .  A f te r  screening, 16 Tu la l  i p  homes 
remained i n  o u r  analys is .  No s p e c i f i c  
in format ion on wood heat ing o r  o ther  supplemental 
heat ing was ava i lab le  f o r  the  Hood River  
manufactured homes. However, homes whose r a t i o  
o f  h e a t i n g  l o a d  t o  t o t a l  l oad  (heat ing 
component/NAC) was l e s s  than 0.25 were considered 
t o  be using an abnormally low f r a c t i o n  o f  t h e i r  
t o t a l  energy f o r  heating, poss ib ly  because o f  
s i g n i f i c a n t  supplemental heat ing w i t h  wood o r  
o ther  n o n e l e c t r i c  appliances (e .g., kerosene 
heaters) a t  l e a s t  p a r t  o f  the  time. These homes 
were a lso dropped from f u r t h e r  analys is .  
COMPARISON OF PRISM ESTIMATES AND MEASURED 
HEATING LOAD 
The a b i l i t y  o f  PRISM t o  accurate ly  decompose 
t o t a l  r e s i d e n t i a l  energy consumption i n t o  i t s  
heat ing and baseload components can be tes ted  by 
comparing measured component load data f o r  a 
g iven  year t o  PRISM est imates based on the  same 
year o f  temperature data as the energy data, 
i ns tead  o f  normal iz ing t o  long- term temperature 
data. H i r s t  and Goeltz (4),  i n  a study o f  s i t e -  
b u i l t ,  e l e c t r i c a l l y  heated Hood River  homes, 
demonstrated t h a t  PRISM est imates o f  t h e  
normal i zed  annual consumption (NAC) are extremely 
accurate. On the  other  hand, a systematic b ias  
i s  known t o  e x i s t  i n  the  es t imat ion  o f  the  PRISM 
parameters (3,4,5), r e s u l t i n g  t y p i c a l l y  i n  an 
overest imat ion o f  the  space-heating component 
(underest imation o f  t h e  baseload). 
We compared PRISM-based space-heating 
est imates t o  measured space-heating consumption 
data t o  determine how w e l l  the  PRISM-based 
est imates matched actual  data. The ana lys is  was 
conducted f o r  a one-year per iod  f o r  the  T u l a l i p  
homes, and f o r  a p e r i o d  one year  before and one 
year a f t e r  r e t r o f i t  f o r  the  HRCP homes. Re s u l  t s 
f o r  a l l  th ree  data se ts  are summarized i n  Table 
1. Results f o r  the  T u l a l i p  homes i n d i c a t e  t h a t  
t h e  PRISM-based s p a c e - h e a t i n g  e s t i m a t e s  
substant i  a1 l y  exceeded actual  hea t ing  energy 
consumption. The average overest imate was 52%. 
At the  i n d i v i d u a l  house l e v e l  t h e  d i f f e r e n c e  
ranged from -8% t o  102%. For the HRCP homes, f o r  
the  p r e - r e t r o f i t  p e r i o d  the  PRISM-based space- 
heat ing est imate was 1% l e s s  than the  actual  
heat ing energy consumption on the  average, wh i le  
the d i f f e r e n c e  ranged from -42% t o  t33X a t  the  
i n d i v i d u a l  house l e v e l .  A f t e r  r e t r o f i t ,  the  
PRISM-based est imate was 9% l e s s  than the actual  
consumption, on the  average. The e r r o r  ranged 
from +28% t o  -41%, a smal ler  range bu t  comparable 
t o  the p r e - r e t r o f  i t r e s u l t s .  
OBSERVATIONS ABOUT PRISM ERROR 
The d i f f e r e n c e s  between PRISM-based 
est imates and actual  measurements o f  space- 
heat ing e l e c t r i c i t y  use can be a t t r i b u t e d  t o  a t  
l e a s t  fou r  poss ib le  sources: 
inaccurate b i l l i n g  data 
inaccurate load  data 
m i s i n t e r p r e t a t i o n  o f  baseload because o f  
summer peak loads ( a i r  cond i t i on ing)  o r  
seasonal i t y  o f  non-space-heating loads. 
Based on thorough data qua1 i t y  assurance and 
the l a c k  o f  a i r - c o n d i t i o n i n g  equipment i n  the  
homes, the e f f e c t s  o f  the f i r s t  th ree  e r r o r  
sources were considered minimal i n  our  study. On 
the  other  hand, d i f fe rences  between end-use 
measurements and PRISM-based est imates o f  the  
heat ing component are 1 i k e l y  t o  be in f luenced by 
o ther  non-heating loads t h a t  e x h i b i t  seasonal i ty.  
Examples include: 1) i n t e r i o r / e x t e r i o r  1 i g h t i n g  
i n  response t o  shor te r  and l e s s  in tense d a y l i g h t  
hours dur ing  w in te r  and 2) e l e c t r i c  ho t  water 
heater  energy use, which increases because o f  
lower supply water temperatures dur ing  the  
winter .  
Comparing t h e  Tul a1 i p and Hood R iver  home 
r e s u l t s ,  the  average e r r o r  o f  the PRISM-based 
space-heating est imate was p o s i t i v e  f o r  t h e  
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- 
JABLF 1. PRISM-Based Space-Heatlnq Estimates and Measured Annual Heat ing Energy 
Consumptlon ( k ~ h / y e a r )  " 
PRISM Estimates 
Heatinq Tota l  
D a t a S e t  kwh/f$ 





Hood R iver  H mes 





Hood R iver  Ho es 




Hood R lver  Ho es 





s d  Tota l  
M kWh/ft 
Heat 
m a  
(a) Heat e r r o r  - (PRISM hea t lng  component - actual  heat) /actual  heat.  
(b) The values o f  the  t o t a l  measured load  were n o t  c a l c u l a t e d  f o r  t h i s  t a b l e .  
energy -e f f i c ien t  Tu la l  i p  homes and negat ive f o r  
the Hood R iver  homes. This  suggested t h a t  the  
e r r o r  i n  t h e  PRISM-based space-heating est imate 
might be r e l a t e d  t o  the  energy -e f f i c iency  o f  the  
home and t h e  r e l a t i v e  e f f e c t  o f  i n t e r n a l  and 
s o l a r  gains. 
ADJUSTMFNT OF PRISM-BASED HEATING COMPONENT 
-
As the r e s u l t s  i n  Table 1 indicated, PRISM- 
based est imates o f  t h e  heat lng component can 
d i f f e r  s u b s t a n t l a l l y  from t h e  metered hea t ing  
energy consumption. For I n d i v i d u a l  homes, the 
e r r o r s  ranged from -42% t o  t 1 0 B  and the mean 
value o f  the e r r o r s  tended t o  obscure the  l a r g e  
variance i n  t h e  d i f fe rences .  The p o s i t i v e  and 
1 arger e r r o r s  f o r  t h e  energy-ef f  i c i e n t  homes were 
p a r t i c u l a r l y  t r o u b l i n g  since our focus was on 
es t imat l  ng t h e  performance o f  e n e r g y - e f f i c i e n t  
homes. 
Given t h e  sample o f  homes avai lab le,  we 
examined the re1 a t  ionship between t h e  PRISM- 
based heat ing component and the  measured heat ing 
consumption. We r a n  a slmple regress ion ana lys is  
us ing t h e  ac tua l  hea t lng  consumption as t h e  
dependent v a r i a b l e  and the  PRISM-based est imate 
as the Independent var lab le.  Table 2 shows t h a t  
a s i g n l f i c a n t  r e l a t i o n s h i p  ex is ts ,  w i t h  t h e  
ac tua l  average hea t ing  consumption about 96% o f  
the PRISM-based est lmate. The R-squared was 
0.68, which ind ica ted  a reasonable c o r r e l a t i o n  
between t h e  var iab les .  The p r e d i c t l v e  power o f  
the PRISM-based hea t lng  component was n o t  
particularly good, though, as the r e s u l t s  i n  
Table 1 confirmed, p a r t i c u l a r l y  f o r  the T u l a l i p ,  
e n e r g y - e f f i c i e n t  homes. 
TABLE 2 I n i t i a l  Regression Results 
Dependent Var iab le:  Actual  hea t ing  energy 
consumption 
Independent Estimated t -  
Var iab le  C o e f f i c i e n t  S t a t i s t i c  
PRISM-based space- 
hea t ing  est lmate 0.96 26.4 
Number o f  Observatlons - 45 
R-squared - 0.68 
Because o f  t h e  demonstrated i n a b l l i t y  o f  the  
PRISM-based hea t ing  component t o  prov ide an 
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adequately accurate est imate o f  the  actual  space- 
heating consumption, we developed a method01 ogy t o  
adjust  the  PRISM-based est imates o f  heat ing 
consumpt ion and u t i l i z e d  t h e  measured data 
ava i lab le  i n  our study. The technique was 
developed t o  increase t h e  u t i l i t y  o f  in format ion 
from PRISM i n  es t imat ing  heat ing loads, based on 
b i l l i n g  data, w i t h i n  a g iven c l imate  zone. Lee e t  
a l .  (6) presents a methodology t h a t  can be used t o  
improve ex t rapo la t ions  t o  other  c l ima te  zones. 
One p r i n c i p l e  observed i n  developing the  
adjustment methodology was t o  r e s t r i c t  the requ i red  
in format ion t o  two k inds of data. One k i n d  i s  
provided by PRISM i t s e l f ,  such as the PRISM-based 
reference temperature (T-ref ) .  The second k i n d  
cons is ts  o f  data r e a d i l y  obtained f o r  s p e c i f i c  
homes being analyzed w i t h  PRISM, such as weather 
data o r  the  design UA. 
BACKGROUND 
The PRISM-based heat ing component cons is ts  o f  
the product o f  the  PRISM heat ing slope and the 
PRISM heat ing degree-days (HOD), which are based on 
outs ide d a i l y  average temperatures and the  PRISM T- 
r e f .  The heat ing component can be represented 
through the  f o l l o w i n g  equation: 
PRISM-based hea t ing  component = PRISM slope 
* HDDp (1) 
where HDD i s  the PRISM est imate o f  HDD, based on 
PRISM T- Ie f .  HDD i s  t h e  summation o f  t h e  
d i f fe rence  between VRISM T - r e f  and the  average 
d a i l y  outs ide temperature f o r  those days when PRISM 
T- re f  exceeds t h e  average outs ide temperature. The 
PRISM reference temperature i s  est imated by PRISM 
and i s  intended t o  i n d i c a t e  the dai ly-average 
outs ide temperature a t  which heat ing begins. 
Next, we assume t h a t  a t rue ,  b u t  unobserved, 
l i n e a r  r e l a t i o n s h i p  w i t h  a form s i m i l a r  t o  the  form 
o f  PRISM'S heat ing term e x i s t s  f o r  p r e d i c t i n g  
heating energy consumption. This i s  e s s e n t i a l l y  a 
degree-day formulat ion f o r  es t imat ing  space-heating 
load. We w r i t e  t h i s  r e l a t i o n s h i p  as 
Actual hea t ing  = actual  slope * HDDa (2 )  
where actual  slope i s  the  slope value t h a t  
corresponds t o  t h e  measured space-hea t ing  
consumption and HDD i s  the  heat ing degree-days 
based on the actual  f - r e f .  
Next, we examine the d l  f ference between t h e  
PRISM-based hea t ing  component equation (1) and the  
actual heat ing load  and de f ine  i t  as the heat ing 
e r ro r .  This v a r i a b l e  i s  t h e  "heat e r r o r "  repor ted 
i n  Table 1, m u l t i p l i e d  by the actual  heat ing 
consumpti on. 
Heating e r r o r  = PRISM-based heat ing component - 
actual  heat ing 
(PRISM slope * HDDp) - (actual  
slope HDDa) (3) 
Next, we assume t h a t  the  PRISM est imates o f  each 
term can be w r i t t e n  as the  actual  value f o r  t h a t  
term p lus  what we might c a l l  an e r r o r  term: 
PRISM slope = actual  slope t slope e r r o r  (4) 
HODp = HODa t HDD e r r o r  (5)  
The so-cal led " e r r o r  terms" do no t  correspond t o  
t h e  usual s t a t i s t i c a l  e r r o r  terms t h a t  might  r e s u l t  
from a regress ion model (such as t h e  PRISM model 
i t s e l f ) .  The terms here capture t h e  d i f f e r e n c e s  
between t h e  PRISM-based est imates o f  the  slope and 
HDD values and t h e  values t h a t  apply i n  a 
hypothesized model t h a t  c o r r e c t l y  captures the  
dependence o f  h e a t i n g  energy  on o u t s i d e  
temperature. S p e c i f i c a l l y ,  the  PRISM slope term 
includes the e f f e c t s  of loads t h a t  are co r re la ted  
(both p o s i t i v e l y  and nega t i ve ly )  w i t h  HOD, whereas 
the  comparable term from the  hypo the t i ca l  model 
(actual  slope) i s  de f ined  t o  depend on ly  on space- 
heat ing loads. 
Next. we can s u b s t i t u t e  equations (4) and (5) 
fo l l ows :  
(actual  slope t slope e r r o r )  * 
(HODa t HDD e r r o r )  
(ac tua l  slope * HDD,) 
(s lope e r r o r  * HODa) t (HDD 
e r r o r  * actual  slope) 
(s lope e r r o r  * HDD e r r o r )  (6) 
i n  equation (3),  as 
Heating e r r o r  = 
- 
+ 
Equation (6) g ives  a funct ional  form t h a t  can be 
the bas is  f o r  a model t o  est imate the  d i f f e r e n c e  
between the  PRISM-based hea t ing  component and the  
actual  hea t ing  energy consumption. 
MODEL SPECIFICATION 
Given the  form o f  equation (6), none o f  the  
va r iab les  i s  d i r e c t l y  measurable. Our approach was 
t o  i d e n t i f y  measurable va r iab les  t h a t  could serve 
as prox ies f o r  each term and use the  ava i lab le  data 
t o  est imate the  c o e f f i c i e n t s  f o r  each proxy. As 
noted e a r l i e r ,  we sought va r iab les  t h a t  were from 
the PRISM procedure, o r  were e a s i l y  obtained 
weather data o r  housing c h a r a c t e r i s t i c s ,  t o  serve 
as prox ies f o r  t h e  parameters i n  equation (6). 
The approach taken was a h e u r i s t i c  one w i t h  
the goal o f  developing an explanatory est imat ion 
model which best  f i t  t h e  observed d i f fe rences  
between the  PRISM term and actual  heat ing 
consumption [equation (3)] .  Our approach was t o  
es t imate  a r e l a t i o n s h i p  t h a t  f i t  the  data 
adequately, and use t h a t  r e l a t i o n s h i p  as a source 
o f  i n s i g h t s  i n t o  t h e  t h e o r e t i c a l ,  causal 
r e l a t i o n s h i p s  and sources o f  e r r o r  i n  PRISM, and 
prov ide a means t o  ad jus t  the  PRISM est imates. 
The actual  slope term i n  equation (6) should 
be c l o s e l y  associated w i t h  t h e  b u i l d i n g  design 
t o t a l  heat l o s s  c o e f f i c i e n t ,  UA, s ince t h i s  slope 
term by d e f i n i t i o n  captures o n l y  the  hea t ing  load  
r e l a t i o n s h i p  t o  HDD. Given the  component 
i n s u l a t i o n  l e v e l s ,  window c h a r a c t e r i s t i c s ,  and 
i n f i l t r a t i o n  c h a r a c t e r i s t i c s ,  t h e  design UA can be 
est imated us ing standard procedures (6). We used 
design UA as a proxy f o r  the  actual  slope i n  
equation (6).  
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Second, we considered the  actual  heat ing 
degree-day term,  HDD . The a c t u a l  HDD 
corresponding t o  i n d i v i d u a  homes depends on the  T- 
r e f  where heat ing appears t o  begin. Without 
d e t a i l e d  hea t ing  data, we could n o t  est imate 
accurately the  ou ts ide  temperature a t  which heat ing 
began. We chose t o  use HDD ca lcu la ted  t o  a 
standard reference temperature. Both because i t  
was r e a d i l y  ava i lab le ,  and i t  provided t h e  best 
f i t  o f  the T - r e f s  t r i e d  i n  our  analysis, we used 
HDD c l c u l a t e d  t o  a T - r e f  o f  65'F as a proxy f o r  
HOD,. 1 
" Thi rd,  the  r e l a t i v e  slope e r r o r  i s  in f luenced 
by how l a r g e  t h e  hea t ing  load  i s  r e l a t i v e  t o  t h e  
t o t a l  load. We would expect the PRISM slope t o  be 
l a r g e r  than t h e  actual  slope s ince the  PRISM slope 
would inc lude the  e f f e c t  o f  temperature- and 
seasonally-dependent loads o ther  than heating. As 
the heat ing load 's  share o f  the t o t a l  l oad  
increases, the  e r r o r  in t roduced by i n c l u d i n g  t h e  
other  temperature- and seasonal ly-dependent loads 
would be expected t o  remain p o s i t i v e  bu t  have a 
decreasing r e l a t i v e  e f f e c t  on t h e  slope. The 
observat ions made e a r l i e r  about the  observed e r r o r s  
f o r  e n e r g y - e f f i c i e n t  homes a lso  suggested t h a t  t h e  
slope e r r o r  was l a r g e r  f o r  e f f i c i e n t  homes where 
heat ing c o n s t i t u t e d  a r e l a t i v e l y  smal ler  share of 
t o t a l  loads. To capture the expected behavior, we 
assumed t h a t  the  slope e r r o r  could be represented 
as fo l lows:  
Slooe e r r o r  - a1 - as 
ased heat ina cornDonen 
PRISM est imate o f  t o t a l  l oad  
t (7) 
where a1 and a2 a re  p o s i t i v e  constants. 
F i n a l l y ,  we considered the  HDD e r r o r  term i n  
equation (6).  We have very l i t t l e  in fo rmat ion  t o  
a1 low us t o  determine how the  HDD e r r o r  behaves. A 
study by H i r s t  and Goeltz (4) est imated a T - r e f  
based on the  metered hea t ing  load and found t h a t  
the average PRISM est imate was l e s s  than the T - r e f  
based on the  load  data. T h e i r  load-based T - r e f  i s  
s i m i l a r  t o  what we c a l l  here the actual  T - r e f  and 
t h e i r  observat ions suggested t h a t  t h e  PRISM HDD was 
l e s s  than t h e  actual  HDD, o r  the  HDD e r r o r  was 
negative. Another recent  study used d a i l y ,  weekly, 
and monthly s imu la t ion  model data t o  est imate T - r e f  
w i t h  v a r i a t i o n s  i n  c l ima te  and the  b u i l d i n g  load  
c o e f f i c i e n t ,  UA (7) .3 Those r e s u l t s  ind ica ted  t h a t  
the analys is  us ing monthly data (comparable t o  
applying PRISM) produced T - r e f  values 1 ess than 
those  f r o m  t h e  ana lys is  us ing d a i l y  data 
2 1 n  subsequent ana lyses  i t  would be 
b e n e f i c i a l  t o  examine o ther  values o f  T - r e f  t h a t  
are l i k e l y  t o  be more accurate fo r  i n d i v i d u a l  
homes, such as the  PRISM est imate o f  T-ref .  Th is  
exten i o n  was beyond the scope o f  our  analys is .  
j ~ h e i r  ana lys is  r e l a t e d  changes i n  UA t o  
d i f fe rences  i n  T - r e f  est imates. We assume t h a t  
t h e i r  s i m u l a t i o n - b a s e d  o b s e r v a t i o n s  abou t  
d i f fe rences  i n  T - r e f  est imates apply t o  e r r o r s  
a r i s i n g  i n  emp i r i ca l  data as w e l l ,  though f a c t o r s  
other  than UA changes may have an e f f e c t  i n  actual  
homes. 
(comparable t o  our  assumed " t r u e "  model) and they 
agreed w i t h  those from H i r s t  and Goeltz. I n  
addi t ion,  Pa lm i te r  and Toney (7) a lso  showed t h a t  
t h e  d i f f e r e n c e  between t h e  T - r e f  est imates 
increased as T - r e f  decreased. 
Based on t h i s  l i m i t e d  information, we 
developed a proxy f o r  the  HDD e r r o r .  The behavior 
noted above suggested t h a t  the T - r e f  e r r o r  cou ld  be 
est imated as a negat ive constant  p lus  a term t h a t  
was p ropor t iona l  t o  t h e  PRISM T-ref .  Though the  
re1  a t  ionship between T - r e f  and heat ing degree-days 
i s  compl i c a t e d  by t h e  ou ts ide  temperature p r o f i l e ,  
we would expect the  HDD e r r o r  t o  behave s i m i l a r l y  
t o  t h e  T - r e f  e r r o r :  the  HDD e r r o r  would be zero 
when the T - r e f  e r r o r  was zero, i t  would be negat ive 
when the  T - r e f  e r r o r  was negative, and i t  would 
become more negat ive as t h e  T - r e f  e r r o r  decreased. 
Consequently, we assumed t h a t  the  HDD e r r o r  could 
be descr ibed as fo l lows :  
HDD e r r o r  - -a3 t a4 * PRISM T - r e f  (8) 
where a3 and a4 a re  p o s i t i v e  constants. 
MODEL ESTIMATION 
Given  t h e  p r o x i e s  and model s t r u c t u r e  
d iscussed,  we n e x t  used l i n e a r  regress ion 
techniques t o  est imate model parameters. Based on 
the p rox ies  chosen f o r  t h e  var iab les,  we developed 
the  f o l l o w i n g  model : 
Estimated hea t ing  e r r o r  
: & - a2 PRISM hea t ing  r a t i o )  
t (I& t a4 PRISM T- re f )  UA 
t (-a3 t a4 * PRISM T - r e f )  
* (a1 - a2 PRISM hea t ing  r a t i o )  (9) 
where a l , .  . . ,a4 are p o s i t i v e  constants and the  
PRISM hea t ing  r a t i o  i s  t h e  r a t i o  o f  t h e  PRISM-based 
hea t ing  component t o  the PRISM est imate o f  t o t a l  
annual energy consumption. 
We made two mod i f i ca t ions  before es t imat ing  
t h e  c o e f f i c i e n t s  i n  t h i s  equation. F i r s t ,  we 
de le ted  the  terms appearing on the l a s t  two l i n e s  
o f  equat ion (9). These terms are t h e  product o f  
the  est imated HDD e r r o r  and slope e r r o r  and would 
be expected t o  be second-order adjustments and 
dominated by the f i r s t  two terms i n  t h e  equation. 
( I n  add i t i on ,  t h e i r  i n c l u s i o n  imp l ies  complex 
c o n s t r a i n t s  on t h e  c o e f f i c i e n t  est imates because 
t h e i r  c o e f f i c i e n t s  are products o f  the c o e f f i c i e n t s  
appearing on t h e  f i r s t  two l i nes . )  E l im ina t ing  
them leads t o  a f i r s t - o r d e r  est imate o f  the heat ing 
e r r o r .  Second, we rewrote t h e  r e l a t i o n s h i p  so t h a t  
t h e  dependent v a r i a b l e  was the  measured heat ing 
energy consumption and we moved the  PRISM-based 
heat ing component term t o  the  r i g h t  s ide o f  the  
equation. We al lowed t h i s  term t o  be a p r e d i c t o r  
and f e l t  t h a t  i t s  i n c l u s i o n  on t h e  r i g h t  s ide  might 
p a r t i a l l y  account f o r  the  v a r i a t i o n s  due t o  the  
term t h a t  we excluded from t h e  r i g h t  side. From 
the  i n i t i a l  regression, we found t h a t  t h e  PRISM 
hea t ing  r a t i o  d i d  n o t  have a s t a t i s t i c a l l y  
s i g n i f i c a n t  c o e f f i c i e n t  (a2) and dropped t h i s  term 
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from the regression. The r e s u l t i n g  equation was 
the fo l lowing:  
Adjusted hea t ing  est imate 
- a0 * PRISM-based heat ing component 
+ ( - a l )  * HDD 
+ (a3 - a4 * PRISM T - r e f )  * UA (10) 
We used the  measured hea t ing  energy data f o r  
pre- and p o s t - r e t r o f i t  Hood R iver  homes and the 
T u l a l i p  homes i n  a regress ion analys is  t o  est imate 
the c o e f f i c i e n t s  i n  t h i s  equation. The r e s u l t s  a re  
presented i n  Table 3. 
A l l  the s igns o f  the c o e f f i c i e n t s  were as 
ant ic ipated.  A l l  c o e f f i c i e n t s  were s i g n i f i c a n t  a t  
the  99% confidence l e v e l .  The model f i t  the data 
wel l ,  w i t h  an R-squared value o f  0 . 8 8 . ~  
TABLE 3. Regression Results f o r  PRISM Adjustment 
Dependent Variable: Actual heat 
Independent Estimated t -  
Var iab le C o e f f i c i e n t  S t a t i s t i c  
PRISM-based space-heati ng 
component 0.982 8.66 
HDD -0.841 -4.46 
U A 61.8 7.20 
PRISM T - r e f  * UA -0.850 -5.65 
Number o f  Observations 
R-squared 
Corrected R-squared 
JIISCUSSION OF RESULTS AND CONCLUSIONS 
The r e l a t i o n s h i p  says t h a t  the  actual  heat ing 
energy consumption equals 98% o f  the  PRISM-based 
estimate p lus  th ree  adjustments. The slope e r r o r  
i s  0.841, i n  kWh/degree-day. As ant ic ipated,  the 
slope e r r o r  i s  p o s i t i v e .  The PRISM slope est imates 
f o r  the HRCP homes had an average value o f  about 3  
kWh/degree-day and our  r e l a t i o n s h i p  suggested t h a t  
the t r u e  value was about 28% less .  
The HDD e r r o r  i s  -61.8 + 0.850*PRISM T- re f .  
This term ind ica tes  t h a t  the  HDD e r r o r  i s  zero f o r  
a  PRISM T - r e f  o f  73'F, i s  negative f o r  lower values 
o f  T - re f ,  and becomes more negat ive f o r  smal ler  
values o f  the PRISM T-ref .  The temperature a t  
4 ~ o  v a l i d a t e  t h i s  model we generated two 
random subsets o f  t h e  cases used t o  d e r i v e  these 
parameter est imates and re-est imated the  model f o r  
each subset. We performed an F- tes t  us ing the  
three sets  o f  parameter est imates and found t h a t  
the variance o f  the res idua ls  was n o t  s t a t i s t i c a l l y  
s i g n i f i c a n t l y  d i f f e r e n t  f o r  the  two est imat ing 
r e l a t i o n s  based on subsets (8). When we tes ted  the  
hypothesis t h a t  the c o e f f i c i e n t s  d i f f e r e d ,  the  t e s t  
i nd ica ted  t h a t  the  c o e f f i c i e n t s  d i f f e r e d  a t  about 
the 80% l e v e l ,  which was n o t  considered a 
s t a t i s t i c a l l y  s i g n i f i c a n t  d i f fe rence .  
which the e r r o r  equals zero i s  q u i t e  c lose  t o  t h e  
r e s u l t s  from the  study c i t e d  e a r l i e r  by Palmi ter  
and Toney (7) .  Since the  energy con~umpt ion  data 
used t o  est imate t h i s  equation were i n  u n i t s  of 
kWh/yr and the UA values were i n  Btu/hr-'F, the  
e r r o r  term est imated i s  no t  i n  conventional u n i t s .  
A f te r  conversion, t h e  HDD e r r o r  term i s  (-8788 + 
I21*PRISM T - r e f ) ,  i n  degree-days. For a 
representat ive PRISM T - r e f  o f  50*F, fo r  example, 
the  HDD e r r o r  would be 2738 degree-days. 
We used the  es t imat ing  r e l a t i o n s h i p  t o  
c a l c u l a t e  t h e  a d j u s t e d  PRISM-based heat ing 
consumption f o r  t h e  homes i n  our  sample. Table 4 
compares t h e  measured space-heating consumption 
w i t h  the  i n i t i a l  PRISM-based est imate and our 
adjusted est imate. The PRISM-based est imate 
overpredi c t s  t h e  hea t ing  consumption by an average 
o f  16%. Our est imate overpredic ts  by on ly  5%. The 
adjusted est imates a lso  reduce the  standard 
d e v i a t i o n  o f  t h e  percentage e r r o r ;  the  standard 
d e v i a t i o n  o f  the  PRISM-based est imates (not  shown) 
i s  36% w h i l e  the  standard d e v i a t i o n  o f  the  adjusted 
est imates i s  21%. 
F igure 1 compares the  r e s u l t s  g raph ica l l y .  
The 1 i n e  i n  the  f i g u r e  d isp lays  equivalence between 
the  measured and est imated space hea t ing  values. 
The adjusted PRISM est imates are c l o s e r  t o  the l i n e  
than the  PRISM-based est imates i n  almost a l l  cases. 
They are c l o s e r  f o r  both t h e  h igher  and lower 
heat ing energy values. 
The adjustment s i g n i f i c a n t l y  reduces the  e r r o r  
based on t h e  PRISM-based est imate alone. The 
adjustment i s  based on homes represent ing a very 
wide range o f  thermal c h a r a c t e r i s t i c s  (UA ranges 
from about 170-700 Btu/hr-OF), therefore,  i t  can be 
appl i e d  t o  manufactured homes represent ing a wide 
range o f  s izes and e f f i c i e n c y  l e v e l s .  Since i t  i s  
based on data from b a s i c a l l y  one c l i m a t e  region, 
however, we do n o t  be l ieve  i t  can be appl ied 
d i r e c t l y  t o  s i g n i f i c a n t l y  d i f f e r e n t  c l i m a t i c  areas. 
There are several enhancements poss ib le  t o  the  
adjustment methodology. For example, an adjustment 
based s t r i c t l y  on PRISM outputs  and weather data 
could be developed, thus e l i m i n a t i n g  t h e  need f o r  
even UA in format ion.  With a d d i t i o n a l  PRISM output  
data the  bas ic  r e l a t i o n s h i p  i n  equation (6) cou ld  
have been rede f ined  i n  terms o f  PRISM parameters 
(PRISM slope and HDD based on t h e  PRISM T - r e f )  and 
reestimated, poss ib ly  e l i m i n a t i n g  the  need f o r  
o ther  data. 
Enhancements t o  the adjustment t h a t  take i n t o  
account addi t i o n a l  c l  imate f a c t o r s  should be 
examined. As noted, t h e  r e l a t i o n s h i p  we est imated 
i s  on ly  v a l i d  f o r  c l ima tes  s i m i l a r  t o  the  one f o r  
which our data were ava i lab le ,  s p e c i f i c a l l y ,  
moderate reg ions o f  t h e  Northwest w i t h  moderate 
amounts o f  i nso la t ion .  A method t o  ex t rapo la te  the  
adjusted heat ing energy consumption t o  other  
c l imates i n  the  Northwest has been developed as a 
separate procedure and i t  takes i n t o  account the  
e f f e c t s  o f  d l  f ferences i n  heat ing degree-days, 
inso la t ion ,  and temperature swings (6). I f  both 
measured and s imu la t ion  data were a v a i l  able, 
f u r t h e r  ana lys is  could explore the development o f  
ex t rapo la t ions  t o  s u b s t a n t i a l l y  d i f f e r e n t  c l i m a t e  
regions, such as t h e  h o t  and humid p a r t s  o f  the 
country. Since our adjustment procedure r e l i e s  on 
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TABLE 4. Comparison o f  Measured Heating, PRISM-Based Estimate, and 
Adjusted PRISM-Based Estimate ( k W h / ~ r ) ~  
PRISM-Based PRISM-Based Adjusted Adjusted 







- - - - - - - - -  
(a)Percents are the differences shown divided by measured heating. 
Actual & Estimated Heating Energy 
(Thousands) 
Actual Heating, kWh/yr 
Adjusted PRISM Estimate t PRISM Estimate 
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the assumption t h a t  heat ing energy can be est imated 
using a heat ing degree-day-based methodology, i t  
su f fe rs  i n  p a r t  from the  inherent  weaknesses o f  
t h a t  methodology i n  captur ing the  e f f e c t s  o f  s o l a r  
g a i n s  and i n f i l t r a t i o n  l o s s e s  on energy 
consumption. Fur ther  i n v e s t i g a t i o n  o f  c l  imate 
e f f e c t s  on t h e  adjustment would address these 
issues. 
Though t h i s  adjustment procedure was developed 
f o r  manufactured homes, there I s  no apparent reason 
i t  could n o t  be app l ied  t o  conventional s i t e - b u i l t  
homes. Measured data f o r  s l  t e - b u i l t  homes covering 
a range o f  thermal c h a r a c t e r i s t l c s  could be used t o  
examine extending t h e  method01 ogy . 
Since PRISM requ i res  on ly  r e a d i l y  ava i lab le  
b i l l i n g  and weather data, i t  i s  a very a t t r a c t i v e  
t e c h n i q u e  f o r  e s t l m a t i n g  t h e  e f f e c t s  o f  
conservat ion measures on space-heating energy 
consumption. Est imat ing these e f f e c t s ,  however, 
requi res the  a b i l i t y  t o  est imate heat ing energy 
consumptlon accurate1 y, and d i  screpancies between 
the PRISM-based est imates o f  space-heating energy 
consumption and measured data, espec ia l l y  i n  
energy - e f f i c i e n t  residences, have been observed i n  
several previous app l i ca t ions  o f  the model. As a 
r e s u l t ,  i t  i s  des i rab le  t o  increase the  accuracy o f  
the heat ing consumption estimates, b u t  t o  r e t a i n  
the simp1 e requirements o f  the PRISM approach. 
The adjustment procedure described here 
represents a new approach f o r  improving space- 
heating est imates developed from b i l l i n g  data. 
A d j u s t i n g  PRISM-based space-heating est imates 
t y p i c a l l y  requ i res  some in format ion i n  a d d i t l o n  t o  
t h a t  requ i red  t o  run  PRISM i t s e l f .  For example, 
an est imate of seasonal v a r i a b i l i t y  I n  the  non- 
heat ing load  (9) o r  even the  measured space-heating 
load (3) have been requ i red  i n  p r i o r  adjustment 
procedures. I n  the  methodology proposed here, the  
b u i l d i n g  design load  c o e f f i c i e n t  (UA) i s  requi red.  
I n  many cases, t h i s  in format ion i s  e i t h e r  
unavai lab le o r  unre l  i ab le .  I n  appl i c a t i o n s  (such 
as conservat ion demonstration programs) where good 
aud i t  data o r  deslgn data e x i s t ,  however, UA 
estimates are u s u a l l y  ava i lab le  and t h i s  approach 
should be o f  use. The proposed technique a lso  
requi res t h a t  measured space-heatlng data be 
ava i lab le  on a subset o f  homes. Given the f a c t  
t h a t  our sample o f  sub-metered homes was r e l a t l v e l y  
small and loca ted  i n  a s i n g l e  c l ima te  region, the  
approach cannot be considered t o  be adequately 
tested and demonstrated f o r  more general use. On 
the other  hand, t h i s  technique shows promise as one 
way t o  reduce the  e r r o r s  i n  PRISM-based est imates 
f o r  a populat ion o f  homes when measured data are 
ava i lab le  on a sample o f  the homes. 
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